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CAPRI regulates Ca2-dependent inactivation
of the Ras-MAPK pathway
Peter J. Lockyer, Sabine Kupzig and Peter J. Cullen
Ca2 is a universal second messenger that is critical ules; tandem C2 domains; a GAP-related domain (GRD);
and a pleckstrin homology (PH) domain adjacent to afor cell growth and is intimately associated with
many Ras-dependent cellular processes such as Bruton’s tyrosine kinase (Btk) motif (Figure 1a). Unlike
the type I topology double C2 domains of synaptotagminproliferation and differentiation [1]. Ras is a small
GTP binding protein that operates as a molecular (Syt), rabphilin, and DOC2, which specifically associate
with phospholipids in a Ca2-dependent manner, theswitch regulating the control of gene expression,
cell growth, and differentiation through a pathway GAP1IP4BP and GAP1m C2A and C2B domains are pre-
dicted to be type II topology and are missing key Ca2-from receptors to mitogen-activated protein
kinases (MAPKs) [2]. A role for intracellular Ca2 in coordinating residues known to be required for high-affin-
ity Ca2 binding [10]. Previously, we have shown thatthe activation of Ras has been previously
demonstrated, e.g., via the nonreceptor tyrosine these C2 domains do not regulate Ca2-mediated mem-
brane association; instead, membrane targeting is medi-kinase PYK2 [3] and by Ca2/calmodulin-
dependent guanine nucleotide exchange factors ated by phosphoinositide binding PH domains [11–13].
During database searches, we discovered a potential ORF(GEFs) such as Ras-GRF [4]; however, there is no
Ca2-dependent mechanism for direct inactivation. encoding a homolog of GAP1m on human chromosome 7
(H. Bradshaw, A. Tin-Wollam, M. Hawkins [sequenceAn important advance toward greater
understanding of the complex coordination within of Homo sapiens BAC clone CTB-158O17], unpublished
data), which corresponded to a partial brain cDNA,the Ras-signaling network is the spatio-temporal
analysis of signaling events in vivo. Here, we KIAA0538 [14]. By reverse-transcription (RT)-PCR of
HeLa RNA, we generated a specific probe in order todescribe the identification of CAPRI (Ca2-
promoted Ras inactivator), a Ca2-dependent Ras screen a human blood cDNA library. This resulted in
the cloning of full-length CAPRI (Ca2-promoted RasGTPase-activating protein (GAP) that switches off
the Ras-MAPK pathway following a stimulus that inactivator), a novel member of the GAP1 family, as
judged by sequence homology (Figure 1a). Northern blot-elevates intracellular Ca2. Analysis of the spatio-
temporal dynamics of CAPRI indicates that Ca2 ting of multiple human tissues indicated a ubiquitous
expression profile (data not shown), in agreement withregulates the GAP by a fast C2 domain-dependent
translocation mechanism. data from KIAA0538 [14]. Interestingly, the CAPRI locus
at 7q22 is within a region that is deleted during the devel-
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domain, we generated a series of green fluorescent protein
0960-9822/01/$ – see front matter (GFP) chimeras (see Supplementary material available 2001 Elsevier Science Ltd. All rights reserved.
with this article online for a list of chimeras). GFP-CAPRI
localized to the cytosol of unstimulated cells and failed
to translocate to the plasma membrane upon epidermal
growth factor stimulation of PC12 cells or after cotransfec-Results and discussion
The intrinsic catalytic activity of the Ras GTPase is ineffi- tion with constitutively active PI 3-kinase (data not
shown). This contrasts with the PH domain-dependentcient and requires aGTPase-activating protein to function
as an off-switch [5]. Four types of Ras-specific GAPs have spatial regulation of GAP1IP4BP [11, 13] or GAP1m [12] and
indicates that CAPRI is unlikely to have a high affinitybeen identified, including p120 Ras GAP [6], neurofi-
bromin (NF-1) [7], SynGAP [8], and the GAP1 family for phosphatidylinositol 4,5-bisphosphate (PIP2) or phos-
phatidylinositol 3,4,5-trisphosphate (PIP3), a result that is[9]. The GAP1 family is comprised of GAP1IP4BP, GAP1m,
and RASAL, which share four conserved structural mod- consistent with the CAPRI PH domain missing several
Figure 1
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key residues known to be required for this activity [13]. transfected these stable cell lines with H-Ras and assayed
the level of Ras-GTP using a GST fusion protein of theInstead, GFP-CAPRI moved rapidly to the plasma mem-
brane of COS cells treated with the Ca2 ionophore iono- Ras binding domain from Raf (GST-RBD). In serum-
starved cells, a substantial quantity of overexpressed H-Rasmycin and returned to the cytosol during Ca2 buffering
(Figure 1c). GFP-CAPRI also associated with the plasma is in the GTP-bound state; under these conditions there
was no enhancement of GAP activity in CHO-CAP cells,membrane of HeLa cells treated with histamine; this
translocationwas transient and followed the time course of demonstrating that CAPRI has no detectable basal GAP
activity (Figure 2a). To test whether the GAP activity ofintracellular Ca2mobilization (Figure 1d). Ca2-sensitive
members of the Syt family contain type I C2A and C2B CAPRI could be activated by the elevation of intracellular
Ca2, we used ATP to stimulate G protein-coupled phos-domains that can function independently of each other
as Ca2 binding domains [10]; thus, in order to determine phoinositide-specific phospholipase C (PI-PLC) to gener-
ate inositol 1,4,5-trisphosphate (IP3) andmobilize intracel-the role of the C2 domains of CAPRI, several truncated
mutants were tested. GFP-C2A, GFP-C2B, and GFP- lular Ca2. Under these conditions, CAPRI transiently
translocated to the plasma membrane of CHO-CAP cellsC2ACAPRI failed to translocate to the plasma mem-
brane of HeLa cells by ionomycin treatment (data not (Figure 2b). Importantly, ATP activated the GAP activity
of CAPRI in CHO-CAP cells (Figure 2a,c), but this didshown). In contrast, GFP-C2AB (the double C2 domain
construct), which predominantly localized to the nucleo- not occur by stimulation of the insulin receptor tyrosine
kinase that also activates Ras [17] (data not shown). Expo-plasm due to its size and GFP tag, proved capable of
binding to the plasma membrane upon Ca2 elevation sure to insulin failed to mobilize intracellular Ca2 or
cause the translocation of CAPRI (data not shown). The(Figure 1e), demonstrating that both C2 domains of
CAPRI are required for Ca2-dependent membrane asso- effect of ATP on CAPRI activation was dependent on an
increase in intracellular Ca2 and CAPRI translocationciation in vivo. This data highlights how the divergent
properties of the GAP1 C2 and PH domains mediate since stimulation of CHO-CAP cells preloaded with the
Ca2 chelator BAPTA in Ca2-free media inhibited CAPRImembrane targeting among different members of the
same family. translocation (data not shown), and, as a result, there was
no net decrease in Ras-GTP levels in the pull-down assay
(Figure 2d). Our data show that elevation of intracellularCAPRI contains a clear GRD; however, in contrast to
GAP1m and GAP1IP4BP [16], a CAPRI glutathione-S-trans- Ca2 by a G protein-coupled receptor causes a rapid C2
domain-dependent translocation of CAPRI to the plasmaferase (GST) fusion protein had no detectable GAP activ-
ity toward H-Ras in vitro (data not shown). To try and membrane, resulting in the activation of Ras GAP activity
and a shift in the Ras-GTP/GDP ratio to Ras-GDP.determine why there was a lack of in vitro activity, we
generated cell lines stably expressing CAPRI to look for
in vivo function. CHO.T cells were selected because they The function of CAPRI as a Ca2-regulated Ras GAP is
reflected in the regulation of the p44/p42 MAPKs, ERK1stably express the human insulin receptor and turn on
the Ras-MAPK pathway in response to insulin stimulation and ERK2, in CHO-CAP cells. ATP stimulation results
in a robust increase in phosphorylation of ERKs that peaks(CHO.T cells also express CAPRI, as judged by RT-PCR
with primers designed from the human CAPRI sequence; at 3 min (Figure 3a) and returns to basal within 15 min
in CHO-GFP cells (data not shown). Under these condi-data not shown). To eliminate potential artifacts resulting
from clonal variation, we generated cell lines expressing tions, ERK phosphorylation is significantly inhibited in
CHO-CAP cell lines (Figure 3a,b). Furthermore, insulin-GFP (CHO-GFP) in parallel with those expressing CAPRI
(CHO-CAP) and analyzed multiple independent clones. stimulated ERK phosphorylation was identical between
CHO-GFP and CHO-CAP cells, showing that ATP-stim-To assay the Ras GAP activity of CAPRI, we transiently
Identification and regulation of CAPRI. (a) The human GAP1 family in the loops between 1/2 and 4/5 have been removed (denoted
in order of identity to CAPRI, as calculated by the Clustal method by a hyphen). (c) The recruitment of GFP-CAPRI to the plasma
with manual adjustment for predicted secondary structure (see membrane of a COS cell after addition of 5 M ionomycin (I), followed
Supplementary material for the predicted amino acid sequence of by 5 M EGTA (I  E). Ionomycin was added immediately after the
CAPRI: accession code AY029206). (b) The alignment of (top) CAPRI 0 image to elevate intracellular Ca2. EGTA was added immediately
C2A and (bottom) C2B domains in order of identity with CAPRI after the 42 s image to buffer extracellular Ca2 (I  E image taken
with predicted  strands indicated. The arrows show the positions of 21 s after EGTA addition). Cells were imaged every 3 s. (d) The
aspartate side chains that form the three Ca2 binding sites in the recruitment of GFP-CAPRI to the plasma membrane of HeLa cells
Syt I C2A domain; an asterisk indicates the position of a serine residue parallels agonist-stimulated intracellular Ca2 mobilization. “H”
that is also involved in binding. Note that Syt III has type I topology indicates the point at which 100 M histamine was added. (e) The
C2 domains; therefore, 1 corresponds to 2 in the Syt III C2A domain, recruitment of GFP-C2AB to the plasma membrane (arrowheads) of
and 8 corresponds to 1 of the Syt III C2B domain. Similarly, in an HeLa cell after treatment with 5 M ionomycin (I), imaged every
the C2B alignment, 1 corresponds to 2 of the PKC C2 domain. In 10 s. The scale bar indicates 10 m.
order to align the GAP1IP4BP and GAP1m C2B domains, two inserts
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Figure 2
ATP activates the GAP activity of CAPRI. (a) Under serum-starved indicated time points (seconds after stimulation) using sm297 anti-
conditions, a significant quantity of expressed H-Ras is GTP bound serum and indirect immunofluorescence. (c) Ras-GTP levels from CHO-
(0 time point) from CHO cell lines (endogenous Ras from CHO cells GFP1 (G1) and CHO-CAP3 (C3) before and after stimulation with
is undetectable in our assay). Stimulation with 50 M ATP increases 50 M ATP. Data expressed as a percentage of the maximum pull-
the quantity of H-Ras-GTP 2-fold in CHO-GFP1 (G1) cells. In CHO- down after 60 s from CHO-GFP1 cells (average of three separate
CAP3 (C3) cells, the level of H-Ras-GTP is less than 50% of that experiments). (d) Stimulation of BAPTA-loaded CHO-CAP3 cells
from CHO-GFP1 after 30 s and less than 75% after 60 s. Similar with 50 M ATP has no effect on Ras-GTP levels. Under these
data was obtained from four separate experiments with two conditions, ATP-stimulated increases in Ras-GTP are inhibited, but
independent clones per stable cell line (GFP or CAP). (b) CAPRI there is no decrease below the basal GTP-loading seen previously in
translocates to the plasma membrane of CHO-CAP3 cells with a CHO-CAP cells (Figure 2c). The blot is representative of three
time course that parallels the activation of GAP activity with 50 M separate experiments.
ATP stimulation. Confocal microscopy of cells fixed at the
ulated activation of CAPRI is required for the inhibition may account for the ATP-dependent ERK phosphoryla-
tion in our experiments.of ERKs. P2 receptor stimulation of PC12 cells by ATP
increases ERK2 activity through a pathway that involves
Ca2, PYK2, and PKC [18]; similar activating mechanisms In order to demonstrate that the inhibition of ERK activa-
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Figure 3
CAPRI inhibits downstream activation of ERK1
and ERK2. (a) ATP (50 M ) or 83 nM insulin
(INS) rapidly increase the phosphorylation of
ERKs (pERK) in CHO-GFP1 (G1) cells. In
CHO-CAP3 (C3), insulin-dependent
phosphorylation of ERKs is identical to CHO-
GFP1, but ATP-stimulated phosphorylation is
blocked. Each lane was loaded with an equal
quantity of protein. The blot is representative
of three separate experiments with two
independent clones per stable cell line (GFP
or CAP). (b) The difference in ATP-induced
ERK phosphorylation between CHO-GFP1
(G1) and CHO-CAP3 (C3) cell lines
expressed as a percentage of the maximum
phosphorylation of ERKs after 180 s. (c) The
CAPRI GRD mutant translocates to the
plasma membrane of CHO-MUT cells after
ATP stimulation. Cells were starved for 2 hr
in KH buffer (0) and then stimulated with 50
M ATP for 60 s (60). After fixation, cells were
visualized by indirect immunofluorescence
using sm297 anti-serum and confocal
microscopy. Both (top panel) CHO-MUT13
cells and (lower panel) CHO-CAP3 cells are
shown for comparison. (d) CAPRI GRD
mutant cells have an enhanced rate of ERK
activation by ATP. CHO cell lines were
stimulated with 50 M ATP; CHO-MUT11
(M11) and CHO-MUT13 (M13) cells stably
express the Arg473Ser mutant of CAPRI.
Each lane was loaded with an equal quantity
of protein. The blot is representative of three
separate experiments. (e) The difference in
ATP-induced ERK phosphorylation between
CHO-GFP1 (G1) and CHO-MUT (M11 and
13) cell lines expressed as a percentage of
the maximum phosphorylation of ERKs after
180 s from CHO-G1 cells (average of three
separate experiments).
tion was a consequence of the Ras GAP function of CAPRI, (Figure 3c). We interpret the faster response of MAPK
activation as a possible dominant-negative effect, sincewe made GRD mutant stable cell lines (CHO-MUT).
The equivalent NF-1 patient Arg1391 → Ser mutation, mutagenesis of the equivalent residue in NF-1 (Arg1391→
Ala) has demonstrated that catalysis is inhibited 45-fold;which is 300-fold less active than wild-type NF-1 [19],
was introduced into the CAPRI GRD (Arg473→ Ser), and but Ras binding still occurs, albeit with a 6-fold lower
affinity for Ras-GTP [20]. We conclude that the CAPRIthe ATP-dependent activation ofMAPKs was analyzed in
CHO-MUT cells. Mutant CAPRI was recruited to the GRDmutant undergoes Ca2-induced recruitment to the
plasma membrane and may bind Ras-GTP but cannotplasma membrane of ATP-stimulated CHO-MUT cells
with a time course that matched CAPRI translocation in efficiently catalyze GTP hydrolysis, thereby competing
with endogenous GAPs for activated Ras. This may ac-CHO-CAP (Figure 3c); however, there was no inhibition
of ERK phosphorylation (Figure 3d). Instead, after 1 min, count for the shift in the Ras-GDP/GTP ratio toward
Ras-GTP during the Ca2 transient that manifests as anERK phosphorylation was 4.7-fold higher in CHO-
MUT13 cells than in CHO-GFP1 cells (t test, p  0.02) enhancement in the rate of ERK phosphorylation.
and 1.8-fold higher at 2min (t test, p 0.04) (Figure 3d,e),
corresponding to the timing of the CAPRI translocation In summary, CAPRI is a novel member of the human
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structural and functional diversity. Protein Sci 1996, 5:2375-nist-stimulatedCa2mobilization. This is the first demon-
2390.stration of tandem type II topology C2 domains mediating 11. Lockyer PJ, Bottomley JR, Reynolds JS, McNulty TJ, Venkateswarlu
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and GAP1m result from the GAP1IP4BP PH domain directing
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